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INTRODUCTION

We are pleased to bring this Symposium-in-Print on Effects of
Ultraviolet Radiation on Terrestrial Ecosystems to the readers of
Photochemistry and Photobiology. Six of the 10 articles contained
in this Symposium-in-Print are based on invited presentations
given at the symposium on ‘‘Effects of Ultraviolet Radiation on
Terrestrial Ecosystems,”” held during the American Society for
Photobiology (ASP) Meeting in Seattle, WA on 10-14 July 2004.
One of the articles is based on a presentation given at a symposium
on “Solar UV Radiation Effects on Plants: Interactions with
Abiotic and Biotic Stress Factors’ held at the 13th International
Photobiological Congress in San Francisco, CA on 16 July 2000
and two of the articles are based on presentations given at the ASP
Symposium on ‘“‘Effects of Ultraviolet Radiation on Terrestrial
Ecosystems’ in Baltimore, MD, MD on 5-9 July 2003. One of the
invited papers was not presented at an ASP Symposium but was
included because of its timeliness and relevance.

This Symposium-in-Print is the second in the series of papers
published in this journal on Ultraviolet Radiation and Terrestrial
Ecosystems during the past 2 years. The first Symposium-in-Print
was published in the May 2004 issue of Photochemistry and
Photobiology (1). The present ASP Symposium was held to provide
a current perspective of research findings obtained since 2000.
Partial funding for both the current and previous ASP Symposium
was provided by the ASP and the Beltsville Area Director’s Office,
Beltsville Agricultural Research Center, Agricultural Research
Service, U. S. Department of Agriculture, Beltsville, MD. The
articles presented in this Symposium-in-Print address both basic
and applied aspects of UV research on terrestrial organisms and
cover a range of topics that should be of broad interest to
photobiologists, plant physiologists and other researchers.
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The biological impact of stratospheric ozone depletion, brought
about by inadvertent release of chlorofluorocarbons and other
trace gases, and the attendant increase in biologically effective
ultraviolet radiation on terrestrial and aquatic ecosystems has been
of keen interest to researchers and policy makers since the late
1960s (2,3). Changes in stratospheric ozone levels and/or bi-
ologically effective ultraviolet radiation (UVgg) have been
recorded at a number of locations (4,5,6). Although the UV-B
spectral band (280-315 nm) contributes less than 2% of the short-
wave radiation received at the earth’s surface, it is of critical
importance to terrestrial species (7).

Two generalizations are beginning to emerge from field
experiments conducted in natural and cultivated ecosystems. The
first is that both ambient UV-B (7-10) and ambient UV-A (8,9,11)
seem to have a measurable effect in reducing plant growth,
especially in the case of herbaceous plants. The second is that
changes in ambient UV-B levels may exert a large impact on
interactions between plants and phytophagous insects (7,12—15).

Numerous studies have been published on the effects of ambient
and enhanced UV-B radiation on terrestrial organisms (16-39).
One of the major constraints to understanding the mechanisms that
mediate the effects of ambient UV-B radiation is the fact that most
studies conducted at the molecular level have been carried out in
the laboratory using monochromatic UV-B sources (7) or under
controlled environments in which the ratio of UV-B to photosyn-
thetically active radiation (PAR) is unrealistically high (40).

It is often difficult to compare results because of technical
difficulties in predicting, measuring and applying realistic UV-B
levels; differences in irradiation protocols in field, greenhouse and
growth chamber experiments; and failure to provide adequate
levels of PAR and UV-A radiation (40).

In their invited review article, Furness and her coworkers (41)
describe a number of experimental and analytical approaches that
have been used to study the influence of enhanced solar UV-B
radiation on plant competition. These include inverse yield-density
models and allometric, neighborhood or size structure analyses
that provide links between plant and ecosystem responses. They
point out that these approaches differ in their abilities to extract
information regarding competitive interactions and their morpho-
logical underpinnings. Relatively few studies have been carried out
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to investigate UV-B effects on plant competition, and most of these
have used a replacement series approach.

Despite the paucity of studies, there is a general consensus that
slight differences in UV-B—induced morphological responses of
species grown within associations can alter canopy structure and
thereby influence the interception of PAR and relative competitive
ability. To make predictions and draw generalizations regarding the
ecological influence of UV-B radiation on plant competition,
Furness et al. (41) feel that long-term growth and regeneration
studies are needed, using mixed-species associations. This is espe-
cially important in an agricultural system where elevated UV-B
radiation levels can alter crop:weed competitive relationships,
thereby impacting weed management strategies and crop pro-
ductivity. In less intensely managed ecosystems, UV-B enhance-
ment may alter community structure and/or species diversity.

Grant and Slusser (42) analyze the frequency of occurrence of
high hourly UV-B exposures at northern midlatitudes during the
1997-2002 summer growing seasons (May through August) at five
locations between 38° to 41° latitude in the U. S. Department of
Agriculture UV-B Climate Network. Two different weighting
functions are used to describe the amount of biologically effective
UV-B radiation (UV-Bgg): one created by Caldwell in 1971 (16)
designated UV-Bgg (1971); and an updated one created by Flint
and Caldwell in 2003 (43,44) designated UV-Bgg (2003). The ob-
jective of the present study was to define characteristic high UV-
Bgg exposures for plant effects researchers.

Grant and Slusser (42) point out that the long-term effects of
brief events of high UV radiation on the growth and development
of plants are relatively unknown. The use of UV-B exclusion
studies in recent years has intensified the need to understand the
frequency of occurrence of these short-term events because it is
through these events that above average UV-B exposures occur.
Evaluation of the typical intensity and duration of such exposures
is critical to understand the biological effects of acute UV-B
exposures. They found that days with high exposures of UV-Bgg
(1971) and UV-Bgg (2003) were more common in the western
United States than in the eastern United States. The frequency of
occurrence of 2 or more days of high hourly UV-Bgg (1971)
exposures increased from east to west, likely a result of both higher
altitude and lower average cloud cover.

Krizek et al. (45) characterize the spectral properties of selected
UV-blocking and UV-transmitting covering materials with a UV—
VIS spectroradiometer or a UV-VIS spectrometer to provide
workers and growers with guidelines for selecting suitable materials
for use in studying the influence of ambient solar UV radiation on the
production of tomatoes and other high-value crops in high tunnels.
The study focuses on evaluating films that either block or transmit
UV wavelengths below 380 nm to determine comparative growth,
yield and market quality and to provide a tool for integrated pest
management (IPM). Based on this survey, two contrasting covering
materials of similar thickness and durability were selected and used
to cover two high tunnels at Beltsville, MD, one a UV-blocking film
and the other a UV-transmitting film. Comparative measurements
were also made of selected glass and plastic materials that have been
used in UV exclusion studies to provide investigators with baseline
information for selecting suitable filters in future studies. The use of
UV-blocking films as an IPM strategy has attracted considerable
interest as a nonchemical approach to reducing the prevalence of
insects and plant diseases in greenhouses and high tunnels (46,47)
by interfering with the ultraviolet vision of insects (48).

Paul and his coworkers (49) studied plant response to plastic
covering materials that had one of the following effects: (a)
increased transmission of UV radiation compared with standard
horticultural greenhouse covering materials; (b) decreased trans-
mission of UV radiation; or (c) an increased ratio of red to far-red
(R:FR) radiation, using lettuce as a model plant. The UV-
transparent films and the films with an increased R:FR ratio both
reduced leaf area and biomass of lettuce plants, indicating they can
be used as potential alternatives to chemical growth regulators. The
UV-opaque film increased growth suggesting that it might be
useful for some crops; however, there were trade-offs in terms of
certain food quality issues such as pigmentation and taste.

Paul et al. (49) also investigated the use of UV-transmitting and
UV-blocking covering materials to alter plant pathogenicity. They
found that increasing UV transmission inhibited the pathogenic
fungus Bortrytis cinerea as well as the disease biocontrol agent
Trichoderma harzianum. Unlike B. cinerea, however, T. harzianum
was very sensitive to UV-A radiation.

UV-B radiation is known to induce a number of photomorpho-
genic responses. These include leaf asymmetry, leaf thickening and
cotyledon curling. The nature of the UV-B photoreceptor remains
to be elucidated (40). In their invited article, Gerhardt et al. (50)
construct an action spectrum of cotyledon curling in light-grown
Brassica napus to characterize the UV-B photoreceptor that ini-
tiates this response. They also characterized cotyledon curling in
Arabidopsis. Peak efficiency for this response is between 285 nm
and 290 nm. UV-B induced changes in epidermal cells from
A. thaliana cotyledons were assessed because these cells were felt
to be the likely site of UV-B photoreception that leads to curling.
Investigation of cellular structure, chlorophyll a fluorescence and
chlorophyll concentration indicated that cotyledon curling was not
concomitant with gross cellular damage or inhibition of photo-
synthesis, which only occurred in response to wavelengths shorter
than 280 nm.

Gerhardt et al. (50) suggest that many UV-B effects are caused
indirectly and may depend on UV-B mediated increases in reactive
oxygen species (ROS) that either act as a signal in the UV-B
transduction pathway or cause oxidative damage. They point out
that the cotyledon curling response is impeded by ascorbate and
cystine and ROS scavengers and promoted by hydrogen peroxide
(H»0,), a ROS. They propose that following absorption by a UV-B
chromophore, ROS are generated via photosensitization ulti-
mately leading to cotyledon curling.

Shinkle et al. (51) examine the influence of short-term exposures
of different UV wavebands on elongation and phototropic cur-
vature of hypocotyls of cucumber seedlings grown in white light
(WL) and dim red light (DRL). They investigated whether differ-
ent wavebands within the UV-B region elicit different responses
and whether simultaneously exposing the seedlings to both blue-
light-enriched white light (B/WL) and UV-B irradiation reversed
the effect of UV exposure, in a manner indicative of photoreac-
tivation. They also determined whether responses in WL-grown
plants were similar to those grown in DRL and examined the
hypocotyl elongation response elicited by UV-C radiation.

Seedlings given brief exposure to UV-B radiation for 1-100 min
at three different wavebands all showed an inhibition in hypocotyl
elongation after 24 h. These investigators indicate that there ap-
pears to be a response to short wavelength UV-B radiation that
is mediated by DNA damage, but through some rapidly acting
mechanism more specific than conventional toxicity of DNA
lesions. The recent study by Giordano et al. (37) linking inhibitory



growth effects with increased DNA damage in Gunnera magellan-
ica under realistic field conditions would tend to support the notion
that plants have a system for sensing DNA damage and initiating
cellular signals that are amplified to lead to changes in growth.
Shinkle et al. (51) propose that in some cases DNA may act as
a photosensor for UV-B radiation and that the regulatory events
initiated by DNA damage could be photomorphogenic in nature.

Middleton and her coworkers (52) conducted a growth chamber
experiment to determine whether ethylenediurea (EDU), a chemical
shown to be protective against ozone pollution, could ameliorate
foliar damage induced by UV-B radiation exposure in ‘Roanoke’
soybean (Glycine max L.) , a UV-B—sensitive cultivar, and whether
these effects could be discriminated using fluorescence (F) obser-
vations. There were four treatment groups: control; biologically
effective UV-B (18 kJ m? d™!); EDU (500 pmol mol™}); and both
UV-B and EDU (UV/EDU). Measurements were made of pho-
tosynthetic pigments, F image system (FIS) images of adaxial
surfaces in four spectral regions (blue, green, red and far-red) and
F emission spectra of the pigment extracts produced at two
excitation wavelengths, 280 nm (280EX) and 380 nm (380EX).
Several fluorescence ratios from 280EX, 380EX and the FIS im-
ages successfully separated the low UV vs the high EDU group
responses based on means alone, with intermediate values for
controls and the combined UV/EDU groups.

A UV-B/blue emission ratio (F315/F420 [280EX]) and a ratio of
emissions at two UV-A wavelengths: F330/F385 (280EX), was
correlated with chlorophyll content. These two 280EX ratios were
also linearly correlated with emission ratios produced by 380EX,
such as the far-red/green ratio, F730/F525 and clearly distinguished
the UV-B and EDU groups separately and bracketed the inter-
mediate responses of the UV/EDU and control groups. The FIS
images also captured anatomical spatial patterns across the leaf
surfaces. The emissions of EDU-treated leaves exhibited the
greatest variation in spatial patterns with the veins having elevated
blue F and the leaf edges having enhanced R and FR. Their findings
support the hypothesis that EDU substantially ameliorates UV-B
damage to foliage in soybean.

Ruhland e al. (53) determined the influence of solar UV-B
radiation on the growth, biomass production and phenylpropanoid
concentrations of Antarctic hair grass (Deschampsia antarctica)
and Antarctic pearlwort (Colobanthus quitensis) during the spring-
time ozone depletion season on the Antarctic Peninsula at Palmer
Station from 7 November 1998 to 8 January 1999. These are the
only two vascular plant species native to Antarctica. In their
experiments, they grew two sets of potted plants of D. antarctica
under wooden frames that were covered with Aclar to provide near-
ambient UV-B treatment or with polyester (Mylar) to exclude
ambient UV-B (reduced UV-B). A third set was left unfiltered to
provide ambient solar UV radiation.

Relative growth rates and net assimilation rates were 41% and
40% lower, respectively, under near-ambient UV-B (Aclar) than
under reduced UV-B (Mylar). The former group of plants produced
50% less total biomass and 47% less aboveground biomass than did
the latter group of plants. The Aclar-filtered plants subjected to near-
ambient UV-B also had a 29% lower elongation rate and 59% less
total leaf area than did Mylar-filtered plants grown under reduced
UV-B radiation. The reduction in biomass and total leaf area
appeared to be largely a reflection of the reduction in leaf elongation
rather than a reduction in photosynthesis per unit leaf area.
Concentrations of insoluble p-coumaric acid and caffeic acid-
soluble ferulic acids were 38%, 48% and 60% higher, respectively,
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under near-ambient UV-B than under reduced UV-B. There were
no effects of UV-B on the concentration of insoluble or soluble
flavonoids (53).

Recent measurements indicate that the levels of biologically
effective UV radiation in North America have increased as
a consequence of stratospheric ozone depletion. Over southern
Canada, the ozone layer decreased an average of 6% from the late
1970s to 1990s (5). Based on conservative estimates, this translates
to approximately a 12%—16% increase in biologically effective UV
radiation. To determine the possible impact of elevated UV-B on
representative woody species in British Columbia, L’Hirondelle
et al. (54) selected 10 conifer species from a wide range in
geographic locations and exposed them to supplemental UV-B.
Because of logistical and budget constraints, the studies were
confined to short-term experiments conducted in the greenhouse.
They subjected plant material of two ages (germinants during the
first growing season and seedlings during the second season) to four
levels of biologically effective UV-B radiation, ranging from zero
to three times ambient level (12 kJ m> dfl) for up to 4 months.

Because UV-B radiation has been shown to induce cross-
protection against other environmental stresses (55,56), L Hiron-
delle and her coworkers (54) estimated frost hardiness and heat
tolerance of conifer shoots from changes in chlorophyll fluores-
cence after exposure to test temperatures. The results varied
considerably, depending on both genetic and environmental
factors. Four species (yellow-cedar, Engelmann spruce, lodgepole
pine and western red cedar) showed an increase in frost hardiness
and two (grand fir and interior spruce) showed a decrease. Four
species (Engelmann spruce, Sitka spruce, western red cedar and
western hemlock) showed an increase in heat tolerance under
elevated UV-B radiation. The main differences in stress tolerance
observed were between plants receiving 0 and 12 or 0 and 4 kJ m™>
d ! (ambient) UV-B radiation; there was no difference between 4
and 8 kJ m 2 d' (2 X ambient) levels. Although elevated UV-B
increased temperature stress tolerance in certain species, this
appeared to be offset by a decrease in biomass.

Caasi-Lit (57) describes experiments which she conducted in
Australia to determine the effects of crude and partially purified
extracts from UV-B—irradiated rice (Oryza sativa L.) leaves on the
growth and development of the corn earworm, Helicoverpa
armigera (Hiibner). This is a polyphagous insect pest of consider-
able economic importance throughout the world. Fifty microliter
droplets of a liquid diet containing different concentrations of the
crude and partially purified extracts were fed to H. armigera
neonates to determine possible short-term toxicity effects. A choice
test using a solid artificial diet was conducted to determine larval
feeding preferences and antifeedant effects.

Results of these studies showed that crude and partially purified
extracts of UV-B—irradiated rice leaves demonstrated antifeedant,
growth-inhibitory and antibiotic properties against this insect. At
high concentrations, the extracts initially stimulated larval feeding
but subsequently there were negative effects on pupal and adult
traits, thereby reducing the reproductive potential of the adults. The
partially purified extracts appeared to have antifertility properties
because adults laid fewer eggs and of those laid, viability was
lower. These results suggest that the flavonoids and/or other
phenolics in UV-B—irradiated leaves that were extracted from the
UV-B-resistant rice cultivar ‘M202” had an adverse effect on the
growth, development and reproduction of H. armigera (57).
The influence of solar UV-B radiation in altering leaf quality and
leaf herbivory is a subject that is of considerable interest because of
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its potentially significant impact on both native and agricultural
ecosystems. Subtle changes in flavonoids, hydroxycinnamic acids
and other phenolic compounds induced by solar UV-B radiation
have been shown to exert a dramatic influence on herbivory in both
herbaceous and woody species (15,36,58). If significant advances
are to be made in understanding the biological impact of ambient
and enhanced solar UV radiation, it is clear that future UV-B
assessments must be done at multiple trophic levels.

We hope that this symposium-in-print will provide readers with

exciting examples of current research being conducted at the
molecular, cellular, organism and ecosystem level to assess the
influence of ambient and elevated UV radiation on terrestrial
ecosystems and will provide a stimulus for further work in this
important area of photobiology.
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